A SERS study of chromone 3-carboxylic acid adsorbed on silver colloids was undertaken, in order to assess the ability of this compound to accept electrons in charge transfer (CT) processes. Theoretical SERS intensities under photoinduced CT resonant conditions have been carried out for both the neutral and the deprotonated species allowing to conclude, by comparison with the experimental data, that the recorded SER corresponds to the anionic form of the acid linked to the metal. It was shown that the SERS-CT mechanism predominates for this particular compound, thus explaining the strong enhancement of the band at ca. 1600 cm À1 assigned to the 8a ring stretching mode. The identification of CT processes is of the utmost importance for understanding the mechanism through which these benzopyranes may act as antioxidants.
Introduction
Benzopyrane-type heterocyclic compounds are naturally occurring compounds ubiquitously distributed in plants. Chromones (1-benzopyran-4-ones) and chromone derivatives in particular are present in representative amounts in a normal human diet and possess a wide spectrum of biological activities such as antifungal, antimicrobial, antiviral, antiallergic, anti-inflammatory and antitumour. This is mainly due to their well-recognised antioxidant properties, which stem from their ability to neutralise active forms of oxygen and to cut off free radical processes. [1] [2] [3] [4] [5] [6] [7] Therefore, this group of molecules has been the object of intense research in the last decade, 8 aiming at the development of promising antioxidant agents with chemopreventive capacity (mainly against neoplastic and neurodegenerative disorders). Actually, in view of their high stability and low toxicity, this kind of compounds may constitute a safe and reliable option for use as additives in food and pharmaceutical products, since a great number of the antioxidants currently employed are being rejected due to their deleterious toxic effects in humans. 9 Therefore, the study of the mechanisms through which these compounds act, both in vitro and in vivo, is of the utmost relevance for understanding their pertinent biological role, allowing a rational design of novel and more efficient antioxidants for use as anti-inflammatory and hopefully anticancer chemopreventive agents. Since there is a close relationship between activity and structure, 10 it is of paramount importance to disclose the structural and conformational features that are related with a possible antioxidant activity.
The Surface Enhanced Raman Scattering (SERS) is a complex phenomenon capable of producing an enormous enhancement of the Raman signal of some molecules adsorbed on nanostructured surfaces of alkaline or coinage metals, especially silver. Generally speaking, when a molecule interacts with such metals, vibrational frequency shifts and changes between the relative intensities of the Raman and SERS bands can be seen. From the analysis of these data it is possible to extract information concerning the adsorption of the molecule and the nature of the SERS enhancement mechanism. Most of the reported SERS studies of aromatic molecules 11, 12 have been interpreted in the light of the so called electromagnetic enhancement mechanism (EM), which would allow to determine the orientation of the adsorbate relative to the metal surface. Therefore, The EM selection rules of SERS 11 relate the perpendicular or parallel orientation of planar molecules with respect to the surface, with a consequent enhancement of the in-plane or out-of-plane normal modes, respectively. However, although this enhancement mechanism is nowadays recognised as general in SERS, it does not account for the selective enhancement of bands with the same symmetry which, in turn, could be explained by the presence of charge transfer (CT) enhancement processes. These are strongly dependent on the nature of the molecule, the metal and the particular experimental conditions, and can be envisaged as a resonant photoinduced electron transfer process between the metal and the molecule. Hence, the prime task when analysing a SERS is to identify the main mechanisms, EM and/or CT, involved and how much each one contributes to the observed spectra, in a particular experience. This preliminary question when analysing SERS data remains unclear and has been the object of controversy for many years.
In this concern, our research group has developed a methodology for detecting the presence of CT processes in SERS on the basis of quantum chemical calculations. [13] [14] [15] Once the CT mechanism is confirmed, the SERS spectrum may provide very useful information on the electron acceptor properties of the adsorbate. For aromatic systems such as chromones, this is a very important issue in order to check their capabilities for use as efficient radical scavengers.
The present work reports the SERS recorded on silver sols for an acidic chromone derivative, chromone-3-carboxylic acid (3CA, Fig. 1 ). The experimental data were analysed in the light of the CT selection rules, by considering two possible adsorption mechanisms: through the neutral molecule or via its deprotonated anion. In order to identify the SERS active adsorbate, the theoretical SERS-CT intensities of these two species were calculated and compared with the experimental results. Moreover, a tentative vibrational assignment was proposed, based on Density Functional Theory (DFT) force field calculations and on previous experimental studies on analogous molecules.
Experimental Chemicals and colloid preparation
Chromone-3-carboxylic acid was purchased from Sigma-Aldrich Quimica S.A. (Sintra, Portugal) at the single available purity (97%). For preparing the aqueous solutions, complete solubilisation of the compound was achieved by adding NaOH-1 M until pH = 9.
Colloidal silver solutions were prepared using triply distilled water, according to the method of Creighton et al. 16 fully described elsewhere. 17 This procedure basically consists in reducing an aqueous solution of 10 À3 M AgNO 3 with an excess of cooled (0-5 1C) NaBH 4 , at a 1 : 3 ratio of 1 Â 10 À3 MAgNO 3 and 2 Â 10 À3 M NaBH 4 , respectively.
After stirring for some time to allow homogenisation, the mixture was left to rest at room temperature for ca. 90 min. In some cases, during this waiting period a dark colour appears in the heart of the solution, which urges for vigorous stirring in order to stabilise the colloid. This should be a transparent, yellow solution, displaying an absorption maximum at 390 nm. The adsorbate (tested compound) is then added to the colloid, a change in colour from the initial yellowish to a final blue-greenish being observed when it adsorbs to the colloid particles and induces their aggregation.
Raman spectroscopy
The Raman spectra of both the solid sample and the saturated aqueous solution (pH = 9) were obtained at room temperature, in a triple monochromator Jobin-Yvon T64000 Raman system (focal distance 0.640 m, aperture f/7.5), with holographic gratings of 1800 grooves mm À1 . The premonochromator stage was used in the subtractive mode. The detection system was a liquid nitrogen cooled nonintensified 1024 Â 256 pixel (1 00 ) Charge Coupled Device (CCD). The entrance slit was set to 200 mm, and the slit between the premonochromator and the spectrograph was opened to 12 mm.
The excitation radiation was provided (ca. 100 mW at the sample position) by the 514.5 nm line of an Ar + laser (Coherent, model Innova 300). A 901 geometry between the incident radiation and the collecting system was employed. Under the above mentioned conditions, the error in measured wavenumbers was estimated to be within 1 cm À1 . The samples were sealed in Kimax glass capillary tubes of 0.8 mm inner diameter.
The SERS spectra were recorded in a Jobin-Yvon U-1000 double monochromator spectrometer fitted with a cooled Hamamatsu R943-02 photomultiplier, using the 514.5 nm exciting line from a Spectra-Physics 2020 Ar + laser (ca. 50 mW at the sample). The 200 mm slit width was kept constant, allowing a spectral resolution of 4 cm À1 . The wavenumbers were measured considering the same laser plasma lines as standards, whereby a precision of ca. 2 cm À1 was obtained. A 10 mm width quartz cell was used as the sample container.
DFT calculations
The quantum mechanical calculations were performed using the GAUSSIAN 03W program, 18 within DFT approach, in order to properly account for the electron correlation effects which are particularly important in this kind of conjugated systems. The widely employed hybrid method denoted by B3LYP, which includes a mixture of HF and DFT exchange terms and the gradient-corrected correlation functional of Lee, Yang and Parr 19, 20 as proposed and parametrised by Becke 21, 22 was used, along with the double-zeta split valence basis set 6-31G**. 23 Molecular geometries were fully optimised by the Berny algorithm, using redundant internal coordinates. 24 The bond lengths to within ca. 0.1 pm and the bond angles to within ca. 0.11. The final root-mean-square (rms) gradients were always less than 3 Â 10 À4 hartree bohr À1 or hartree radian À1 .
Calculation of the harmonic vibrational wavenumbers was carried out at the same level of theory for the most stable conformer of 3CA ( Fig. 1) , both for the neutral acid and its carboxylate anion, in order to obtain the theoretical vibrational spectra (Raman and infrared). The geometries of the optimised planar C s structures for both species were kept constant when calculating the properties of the respective radicals. 
Results and discussion
Detecting CT processes in SERS Our research group has developed a methodology for detecting the presence of the CT mechanism in a particular SERS experience. [13] [14] [15] In essence, this is based on the assumption that the SERS-CT enhancement mechanism is analogous to a Resonance Raman (RR) process, 25 where the incident photon (hn) leads to a resonant transfer of one electron from the Fermi level of the metal to vacant orbitals of the adsorbate, yielding the corresponding transient radical. This SERS-CT mechanism implies the photoinduced electron transfer from the metal (M) to the adsorbate (A):
Therefore, the transient excited state of the surface complex M + -A À shows CT character. In the reverse process, the system returns to the initial state emitting a Raman photon (hn 0 ) if the molecule remains vibrationally excited (A*):
An important difference exists between neutral adsorbates as pyridine (A) and organic carboxylic acids, given that the latter can be adsorbed as carboxylates (A À ) which are already charged in the ground state. In this case, the respective dianion radical (A 2À ) will be formed in the CT excited state, a much less stable species since it supports two negative charges:
and
Therefore, there are two different possibilities for the SERS-CT mechanism, depending on the adsorption of either the neutral or the anionic species. This mechanism sets the resonance between the ground (singlet ground state S 0 : M-A or M-A À ) and excited CT states of the surface complex (singlet excited charge transfer states CT i : M + -A À or M + -A 2À ). A reasonable approach is to consider only the states of the adsorbate in these transitions. Under this simpler view, the resonance would involve the corresponding species, either neutral or anionic, in their singlet ground states (A or A À ; S 0 ) and their radial anion, or dianion, in their respective doublet ground states (A À or A 2À ; D 0 ). It is generally accepted that the A-term is the most important contribution in an RR process. This term becomes non-zero when the dipole transition moments associated with the resonant electronic transition and the products of the vibrational overlap integrals (Franck-Condon factors) are non-zero. The second condition is related to differences between the equilibrium geometries of the states involved in the electronic transition (Tsuboi's rule). If the most enhanced SERS bands correspond to those vibrations connecting the geometry of the minima of the resonant states (A and A À for the neutral, or A À and A 2À for the carboxylate), the presence of a resonant CT process can be confirmed. The lack of data referring to molecular properties such as equilibrium structures for radicals of benzene-like molecules urges for quantum chemical calculations in order to foresee the effect of resonant CT processes in the SERS bands of this kind of systems.
Theoretical SERS-CT intensities for each molecular species A and A À have been estimated following the equations of Wolde et al. 26 for an RR process. According to these authors, the relative intensity of a particular normal mode j can be estimated by using the equation:
where o j is the wavenumber corresponding to the j-normal mode in the ground electronic state; < is a constant that can be arbitrarily adjusted to normalise the relative intensities; and B j is a parameter related to the difference between the equilibrium geometries of the two states involved in the RR process; this parameter can be obtained by computing the molecular forces (f) at the Franck-Condon point of the potential energy surface for the excited electronic state, i.e. the respective radicals, and is given by the expression L representing the normal mode matrix of the ground electronic state, and M the matrix of atomic masses. The resulting calculated SERS-CT spectra have been drawn by using Gaussian functions, with an area proportional to the relative intensities located at the B3LYP/6-31G** calculated wavenumbers. This methodology enabled to explain the selective enhancements previously observed in the SERS of different aromatic molecules such as pyrimidine, 13 pyridine 27 or pyrazine, 28 and their derivatives 15,29,30 5-fluorouracil 31 or carboxylic acids. 32, 33 These studies [13] [14] [15] have allowed to conclude that the main feature of the SERS-CT spectra for benzene-like molecules is the strong enhancement of the band corresponding to the aromatic ring stretching mode 8a, 34 recorded at about 1600 cm À1 .
Raman and SERS results
The solubility of 3CA is very scarce in water, and it is thus necessary to increase the pH of the sample in order to obtain a concentration which allows the observation of bands with sufficient intensity. Fortunately, organic carboxylic acids are known to adsorb on silver as carboxylates, and therefore the SERS intensities have to be compared with those of the Raman spectrum recorded for the aqueous solution of the deprotonated species. The Raman spectra of solid 3CA and its aqueous solution at pH = 9 show very different intensities ( Fig. 2A and B ), due to changes in the normal vibrational modes coupled to specific intermolecular interactions. The latter include top-to-top hydrogen bonds between carboxylic groups of adjacent molecules in the solid, which disappear in alkaline aqueous solutions when 3CA is deprotonated at the COOH moiety. This leads to spectral changes in the 1550-1700 cm À1 region, where several fundamentals assigned to ring stretchings of the benzene moiety (8a and 8b modes) are observed, coupled in a complex way with other coordinates involving the stretching of the conjugated bonds C 4 QO 12 , C 2 QC 3 and the carboxylic C 9 QO 11 (in the case of the acid) or the carboxylate O 10 C 9 O 11 antisymmetric stretching (in the case of the anion) ( Table 1) . Four bands are recorded at 1561 (sh), 1574 (ms), 1615 (vs) and 1631 (sh) cm À1 for the solid sample, which correlate with those detected at 1561 (vs), 1571 (vs), 1618 (m) and 1653 (m) cm À1 for the aqueous solution (Fig. 2) The B3LYP force field predicts four fundamentals in this region, at 1616, 1650, 1668 and 1698 cm À1 for the neutral species and at 1605, 1646, 1658 and 1730 cm À1 for the carboxylate anion, respectively. These vibrational modes are represented in Fig. 3 where a good correlation between the lowest and highest wavenumber modes of both species can be appreciated. These are calculated at 1616 and 1698 cm À1 for the neutral form and at 1605 and 1730 cm À1 for the anion, in agreement with the experimental blue shift observed for the latter when 3CA loses the carboxylic proton. However a significant mode rotation between the remaining fundamentals at ca. 1650 and 1660 cm À1 occurs, changing the amplitude, direction and phase of the atom displacements.
When comparing the Raman spectra for 3CA in aqueous solution with the corresponding SERS, the most striking result is again the intensity change of the bands recorded in the 1550-1700 cm À1 region, especially the selective enhancement of the SERS band centered at 1623 cm À1 (Fig. 2B and C) . This is the strongest band in the SERS spectra and correlates well with the medium intensity line recorded at 1618 cm À1 in the aqueous solution Raman. On the contrary, the strongest Raman bands at 1561 and 1571 cm À1 show very weak intensities in SERS, while the 1653 cm À1 line appears in SERS as a shoulder at 1645 cm À1 . The remaining principal SERS bands at 1356, 1226, 1034 and 745 cm À1 display lower intensities and are assigned to in-plane vibrational modes. In order to account for the selective enhancement of the 1623 cm À1 feature, it is necessary to refer to the selection rules of the CT enhancement mechanism, drawn in Fig. 3 .
When the CT mechanism operates, the incoming photon produces the resonant transfer of an electron from the metal to the adsorbate, leading to the formation of the radical dianion. When this electron is located in the Lowest Unoccupied Molecular Orbital (LUMO), the bonding and antibonding interactions are responsible for the transient forces acting on the nuclei (f vector in eqn (6)). Therefore, the B3LYP computed force vector (Fig. 3) indicates the direction towards the equilibrium geometry of the transient radical. This vector contains the selection rules of the SERS-CT mechanism and determines which Raman vibrations should be enhanced, by means of eqn (5) and (6) . Accordingly, the shapes of the LUMO and of the f vector are closely related, and involve the stretching of C 4 QO 12 and O 10 C 9 O 11 conjugated bonds and benzenic CC. In the case of the anion, the normal mode calculated at 1658 cm À1 , and the corresponding forces, have very similar shapes thus accounting for the selective SERS enhancement of the band at 1623 cm À1 .
This qualitative analysis may be further quantified through the calculated band intensities, also pictured in Fig. 3 . The theoretical I SERS-CT spectrum for the deprotonated 3CA predicts the selective enhancement of a single band at 1658 cm À1 (I SERS-CT,1658 = 100), in perfect agreement with the SERS observed experimentally ( Fig. 3 and 4) . In contrast, the correlation between the forces and the atomic displacement for the modes calculated at 1605, 1658 and 1730 cm À1 is much poorer, yielding I SERS-CT intensities of 19, 13 and 25, respectively. Moreover, the displacements of the O 10 C 9 O 11 carboxylate atoms in the respective force vector, which are absent in the 1658 cm À1 mode, cause an enhancement of the 1314, 1211 and 777 cm À1 calculated fundamentals and account for the weak SERS activity evidenced by the bands at 1356, 1226 and 745 cm À1 , respectively (Fig. 4) .
When protonated 3CA is the adsorbate, a parallel analysis can be carried out from the results comprised in Fig. 3 . The LUMO and the forces for both species, the anion and the neutral, look very similar, but for the latter the force vector cannot be easily correlated to one fundamental only. In fact, the SERS-CT enhancement for neutral 3CA is shared between the calculated modes at 1650 and 1698 cm À1 , predicting relative intensities of 58 and 100, respectively. This produces a poorer correlation with the experimental SERS ( Fig. 4) and discards the participation of protonated 3CA in the CT process.
Regarding the Raman and SERS wavenumbers, the observed shifts between both spectra point to an association of the 3CA molecule to the metal through the carboxylate group. For instance, the strong SERS band at 745 cm À1 is observed at 762 cm À1 in the aqueous solution Raman spectra, and corresponds to an in-plane vibration calculated at 777 cm À1 with a large contribution of the D(O 10 C 9 O 11 ) internal coordinate. In a similar way, the n s (O 10 C 9 O 11 ) vibration is shifted from 1365 cm À1 in the Raman to 1356 cm À1 in SERS. It was verified that the B3LYP force field underestimates the wavenumber for this fundamental (1314 cm À1 ), due to the well known limitation of the theoretical force fields for predicting the coupling between the CO bonds of carboxylate groups. 36, 37 Similarly, the n as (O 10 C 9 O 11 ) value is overestimated at 1730 cm À1 .
Conclusions
The capability of 3CA to act as an electron scavenger is a very important property, closely related to its pharmacological activity as an antioxidant and potential chemopreventive agent, namely against cancer. In this concern, the surfaceenhanced Raman scattering (SERS) of 3CA adsorbed on silver sols has been analysed, in order to detect the presence of charge transfer (CT) processes. This resonant SERS-CT enhancement mechanism involves the photoinduced transfer of an electron from the metal to the adsorbate, which renders SERS a very useful spectroscopic technique for estimating electron affinities of chromones, flavones and related systems.
Apart from this specific goal, the present study aimed at a second objective, which was to determine the nature of the enhancement mechanism participating in the SERS which has been controversial for many years. Nowadays it is recognised that the electromagnetic (EM) mechanism is the main contribution, and that can be accompanied by resonant CT processes under particular conditions. For the 3-carboxylic chromone under study, theoretical SERS-CT intensities have been estimated for both the neutral 3CA and its deprotonated anion. This was performed using a methodology developed by our group that correlates the forces acting in the molecule when the transferred electron is located in the corresponding LUMO with the normal vibrational modes. The theoretical SERS-CT intensities calculated for the anionic species predict the selective enhancement of the band located at 1658 cm À1 , in perfect agreement with the selective enhancement observed for the SERS feature at 1623 cm À1 . This result supports the conclusion that the observed SERS is enhanced through a CT process, and confirms the capability of 3CA for accepting electrons. This is a quite relevant result, given that this molecule is already deprotonated when it adsorbs to the colloid, and therefore the SERS-CT mechanism implies the transient formation of the radical dianion. This work once again corroborates the relevance of the charge transfer mechanism in SERS for this type of polyphenolic conjugated systems and demonstrates the usefulness of the used methodology for detecting the relative contribution of this enhancement mechanism. In fact the 3CA molecule is a challenge for testing such methodology since it is a more complex system than the benzene-like derivatives studied to this date. [13] [14] [15] [27] [28] [29] [30] [31] [32] [33] 
